, little is known about the specific genes determining sex and their evolutionary history 3 . Kiwifruit, a major tree crop consumed worldwide, is a dioecious species. In kiwifruit we previously identified a Y-encoded sex-determinant candidate gene acting as the suppressor of feminization (SuF), named Shy Girl (SyGI) 6 . Here, we identify a second Y-encoded sex-determinant that we named Friendly Boy (FrBy), which exhibits strong expression in tapetal cells. Gene-editing and complementation analyses in Arabidopsis thaliana and Nicotiana tabacum indicated that FrBy acts for the maintenance of male (M) functions, independently of SyGI, and that these functions are conserved across angiosperm species. We further characterized the genomic architecture of the small (<1 megabase pairs (Mb)) male-specific region of the Y chromosome (MSY), which harbours only two genes expressed extensively in developing gynoecia and androecia, respectively: SyGI and FrBy. Re-sequencing of the genome of a natural hermaphrodite kiwifruit revealed that this individual is genetically male but carries deletion(s) of parts of the Y chromosome, including SyGI. Additionally, expression of FrBy in female kiwifruit resulted in hermaphrodite plants. These results clearly indicate that Y-encoded SyGI and FrBy act independently as the SuF and M factors in kiwifruit, respectively, and provide insight into not only the evolutionary path leading to a twofactor sex-determination system, but also a new breeding approach for dioecious species.
In flowering plants, hermaphroditism is ancestral and most common, but a minority of plant species have evolved separate sexes (dioecy) in a lineage-specific manner [1] [2] [3] . Similar to mammals, sexuality in plants is often determined by a heterogametic male system with XY chromosomes, where the Y chromosome is thought to carry one or two male-determining factors 1, 3, 7, 8 . Previous analyses of Y chromosome evolution in plants, initially in Silene latifolia and Carica papaya, have revealed long, non-recombining malespecific regions that encompass many genes [9] [10] [11] , although the sexdetermining genes have not been fully characterized. Recently, Y chromosome-encoded sex determinants have been identified in persimmon (Diospyros spp.) and garden asparagus (Asparagus officinalis) 12, 13 . In persimmon, the Y-encoded pseudo-gene OGI encodes a small RNA, targeting its autosomal counterpart gene, MeGI. To the best of our understanding, OGI is sufficient for expression of maleness and repression of female development 3, 12, 14 . In garden asparagus, two Y-encoded factors, named SOFF and aspTDF, act independently to suppress gynoecium and promote androecium development, respectively 13 . The asparagus observation is consistent with a previously proposed theoretical framework, called the two-mutation model 4, 5 , while the persimmon case is not simply consistent. This model proposes that evolution from an ancestral hermaphrodite could occur if females carry a mutated (nonfunctional) version of a male-promoting factor (M) on the proto-X chromosome, resulting in establishment of gynodioecy. A second mutation, a gain-of function suppressor of feminization (SuF) on the proto-Y chromosome would then establish males. Together, these sex-determining mutations may, if closely linked, define a genome region resembling an XY chromosome pair or sex-linked genome region 5 . Nevertheless, the evolutionary pathways governing the transitions into dioecy are poorly understood because only a few examples have been characterized to date.
Kiwifruit, a major fruit crop consumed worldwide, belongs to the genus Actinidia, in which most species are dioecious 15 . Sexuality in kiwifruit is genetically controlled by a heterogametic male system (that is, XY), which is thought to have originated approximately 20 million years ago 6 . A Y-encoded cytokinin response regulator, SyGI, acts as one of the two putative sex determinants, the suppressor of female development (SuF) 6 . This gene represses gynoecium development at a very early flower developmental stage, via negative regulation of cytokinin signalling. Gynoecium development can be partially restored with external cytokinin treatment 6 . The other sex determinant, the putative male-promoting factor (M), has not been identified. Although the establishment of SuF in Actinidia is estimated to have occurred approximately 20 million years ago 6 and predated the divergence of the Actinidia species, kiwifruit still carries incipient and homomorphic sex chromosomes, including a small, sex-determining region 6, 16, 17 . Recent breeding has derived some hermaphroditic and neuter individuals in Actinidia deliciosa, which constitute an additional resource for the identification of a Two Y-chromosome-encoded genes determine sex in kiwifruit Letters Nature PlaNts second sex determinant in kiwifruit. Here, we attempted to identify the male-promoting sex determinant (M factor), by fine assessment of the genes located on the MSY, and identification of genes differentially expressed between male and female at an early stage of tapetum differentiation. The function of the M factor was validated in both model plants as well as in kiwifruit. Finally, we further assessed the evolution of the two sex determinants on the Y chromosome, unveiling transitions into and out of dioecy in kiwifruit.
Previously, genomic sequencing reads from F1 sibling trees derived from an interspecific cross between Actinidia rufa sel. Fuchu and Actinidia chinensis sel. FCM1, named the KE population, were used to identify and assemble the potentialMSY of A. chinensis 6 . The 249 resulting contigs, totalling approximately 0.5 Mb in length, contained Y-specific sequences demonstrating perfect co-segregation with the plants' sex, and included 61 hypothetical genes 6 . In kiwifruit, androecia differentiation between males and females is observed during tapetum degeneration (stages 3-4 in Supplementary Fig. 1 ) 6, 18, 19 . To identify candidate M factors within the MSY derived from the Y chromosome of sel. FCM1, which is maintained at the Kagawa Prefectural Agricultural Experiment Station (see Methods for details), we conducted messenger RNA sequencing (mRNA-seq) analyses on developing anthers (five males and five females) before tapetum degeneration (stages 1-2 in Supplementary Fig. 1 ) from the KE population. The mRNA-seq reads were mapped to the 61 hypothetical candidate genes, only one of which exhibited male-specific expression (reads per kilobase million (RPKM) > 1). This gene included a fasciclin domain, which is typically involved in cell adhesion (Supplementary Table  1 ). This fasciclin-like gene was named Friendly Boy (FrBy), as a potential counterpart of the SuF sex determinant Shy Girl (SyGI). 
Anther 
Fig. 1 | Identification of the fasciclin-like
FrBy as the candidate of the M factor. a, Phylogenetic tree of fasciclin-like genes from 32 angiosperm species, including the kiwifruit FrBy (light green). The orthologues from (eu)asterids, (eu)rosids and monocots constitute three putatively monophyletic clades, shown in red, blue and orange, respectively. The family Brassicaceae forms three subclades, although only one of them is conserved across Brassicaceae species. The gene functions of the orthologues (in red font) have been validated previously (for MTR1 in rice) or in this study (for AT1G30800 in Arabidopsis, FAS1 (a/b) in N. tabacum). Orthologues with asterisks were used for further evolutionary analysis in b. b, Pairwise evolutionary rates (dN/dS) in each clade (n = 3, 15 and 15 for clades asterid, rosid and monocot, respectively) suggested no protein functional differentiation between these orthologues (dN/dS ± s.d. = 0.23 ± 0.06, 0.39 ± 0.12 and 0.39 ± 0.14, respectively, and P = 0.105 and 0.119 for comparison between asterids and rosids, and between asterids and monocots, respectively, using the Mann-Whitney U-test). No site-branch-specific positive selection was detected in red branches, suggesting that protein function and key domains were conserved in MTR1, AT1G30800, FAS1 and kiwifruit FrBy. Post. prob., posterior probability. c, PCR analysis specific to FrBy. Male specificity of FrBy is conserved in a wide variety of Actinidia species. M, male; F, female. d,e, Expression pattern of FrBy. d, FrBy is expressed specifically in anthers and not on other organs. Within the anthers (e), FrBy is substantially expressed in stage 2a,b and faintly at stage 3a. At least three independent PCR analyses yielded similar results (c-e). f-h, RNA in situ hybridization using anti-sense FrBy probe. FrBy is expressed highly in tapetum cells (TP) and meiocytes (MC) at stage 2a (f), in tapetum cells only at stage 2b (g) and faintly in tapetum cells (shown by arrows) at stage 3a (h). OL, outer layer; ML, middle layer; TR, tetrads. Three independent analyses showed similar results. These results of RNA in situ hybridization are consistent with tapetum-specific expression analysis using laser capture micro-dissection ( Supplementary Fig. 2 ).
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FrBy is nested within the monophyletic MTR1 family (Fig. 1a) . In rice, MTR1 contributes to tapetum degradation via programmed cell death (PCD), resulting in male fertility 20 . The kiwifruit FrBy and its orthologues in N. tabacum (FAS1 domain protein, Nitab4.5_0006659g0010.1 (named FAS1a) and its paralogue on the homologous chromosome, Nitab4.5_0004015g0040.1 (named FAS1b)), A. thaliana (AT1G30800) and rice (Oriza sativa, MTR1), showed no significant differentiation according to site-branch-specific evolutionary rate analysis against the other branches (Fig. 1b) , suggesting conserved protein function. The presence of the FrBy gene was male-specific in a wide variety of Actinidia species (Fig. 1c) , and the X chromosomes (Chr 25) 21 do not carry any FrBy homologue. The expression of FrBy was specific to early-developing androecia (Fig. 1d,e) . Tapetum cell-specific real-time quantitative reverse transcription (RT-qPCR), using laser capture microdissection ( Supplementary Fig. 2 ) and in situ RNA hybridization analysis ( Fig. 1f-h ), indicated that FrBy expression in androecia was confined to tapetal cells in stages 1-2 and possibly to meiocytes or tetrads. This is consistent with previous observations of MTR1 in rice 20 and with its putative function in contributing to tapetum degradation following PCD in kiwifruit ( Supplementary Figs 1 and 3) 
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. Differentially expressed genes (DEGs) in male and female anthers (Supplementary Table 2 and Supplementary Fig. 4 ) were also consistent with the potential function of FrBy. We identified 538 DEGs (false discovery rate < 0.1) when analysing transcriptome data from developing anthers (as described above). In those 538 DEGs, Gene . SS, sterile silique bearing no seeds; Si, silique. f, Silique development after self-and cross-pollination of the AT1G30800 null mutant line no. 5. Only cross-pollination with Col-0 control plants resulted in seed production. g, Pollen germination ratios in AT1G30800 null mutants no. 5 and no. 2 and in control plants (Col-0) (n = 5 biological replicates, using >200 pollen grains per sample). Mean values ± s.e.m. = 3.1 ± 0.66, 33.7 ± 12.38 and 65.4 ± 6.13 for null mutant no. 5, null mutant no. 2 and the control, respectively. Null mutant no. 5 mostly lost the ability to produce fertile pollen, and chimeric null mutant no. 3 showed substantial reduction in pollen fertility. The similar male sterile phenotype was observed in more than ten individuals from four independent lines. h-p, In N. tabacum, knockout mutants of the FrBy orthologue, FAS1a/b, showed male sterility. A similar male sterile phenotype was observed in three individuals from three independent lines. Whole-plant (h) and flower organ (i for the FAS1a/b null mutant (fas1) and j for control) phenotypes were not different between the FAS1a/b null mutant and control lines. An, anther; Sg, stigma; Pe, petal. Scale bars, 10 mm. Pollen germination ability was substantially reduced in the fas1 mutant (k) in comparison to the control lines (l). Po, pollen grain; PT, pollen tube. Thick tapetum layers were observed after anther dissection in the microspore stage of the fas1 mutant (m), while control lines showed complete degradation of tapetum cells (n). In comparison to the fas1 mutant, the SuF gene, SyGI, had no significant effect on pollen germination rate (n = 5 biological replicates, using >200 pollen grains per sample). Mean values ± s.e.m. = 9.4 ± 0.88, 70.4 ± 3.71, 74.7 ± 4.47 and 64.8 ± 5.32 for the fas1 mutant, the FAS1a/b chimeric null mutant, the pSyGI-SyGI transgenic line and the control, respectively. P = 0.009 for comparison between fas1 and the control, while P = 0.73 for comparison between pSyGI-SyGI and the control, using the Mann-Whitney U-test (o). Reciprocal crosses with control, fas1-and SyGI-expressing lines (n = ~6-34, biologically independent samples) indicated that FAS1 and SyGI act only for male and female functions, respectively (p). q,r, Complementation of male function in fas1, using the kiwifruit FrBy gene under the control of its native promoter (pFrBy-FrBy). Observation of pollen germination (q) and germination ratio (r) in fas1 transformed with pFrBy-FrBy (n = 5 biological replicates, using >200 pollen grains per sample). Mean values ± s.e.m. = 4.9 ± 1.07 and 46.4 ± 3.63 for fas1 and fas1 + pFrBy-FrBy, respectively. A similar phenotype was observed in three independent lines.
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Ontology terms involving PCD and phosphorylation signals were highly enriched (Supplementary Table 3 ). Not only PCD, but also abundant phosphorylation signals are indispensable for proper tapetum maturation and degradation [22] [23] [24] . Furthermore, an orthologue of Tapetal Development and Function 1 (TDF1) or MYB35, a key gene in tapetum maturation in Arabidopsis and one of the two sex determinants in dioecious garden asparagus 13, 25, 26 , was detected as one of the male-biased DEGs in kiwifruit, although this gene (Acc30672.1) was not located within the MSY (Supplementary  Table 2 and Supplementary Fig. 5 ).
Our evolutionary analyses suggested that the function of FrBy might be conserved across the angiosperms. To investigate their function, we first used the CRISPR/Cas9 gene-editing system in two distantly related model plants, A. thaliana and N. tabacum (Supplementary Table 4 ). Although the Arabidopsis genome includes three paralogues of FrBy, only one, AT1G30800, was in the cluster that was conserved across Brassicaceae species (Fig. 1a) . In Arabidopsis the AT1G30800 null lines ( Supplementary Fig. S6 ) were self-sterile, with low pollen germination rates (Fig. 2g ), but could successfully produce seed after being crossed to control male plants ( Fig. 2a-e) . The null line showed substantial delay in tapetal layer degradation ( Supplementary Fig. 7 ), which is consistent with the development of female kiwifruit plants ( Supplementary Fig. 1 ) 18, 19 . On the other hand, the absence of AT1G30800 had no significant effect on female reproductive function (P > 0.1; Supplementary Fig. 8 ). In N. tabacum, knockout mutation of the FrBy orthologues, FAS1a/b (fas1) ( Supplementary Fig. 9 ), resulted in male sterility, with substantial reduction in pollen germination rate, and was accompanied by a delay in tapetum degradation. The other organs, including the gynoecium, showed no differentiation compared to the control plants ( Fig. 2h-o) . The transgenic N. tabacum lines expressing the kiwifruit SuF gene, SyGI, under the control of its native promoter (pSyGI-SyGI) exhibited female sterility 6 . Reciprocal crossing using control plants (pSyGI-SyGI) and fas1 indicated that SyGI and FAS1 independently promote gynoecium and androecium development, respectively (Fig. 2p) . Importantly, male function in a fas1 null line could be complemented by introduction of the kiwifruit FrBy under the control of its native promoter ( Fig. 2q,r ; Supplementary  Fig. 10 ), indicating that FrBy can act to maintain male fertility via proper tapetum degradation in N. tabacum. These results all suggest that FrBy is likely to be the male-promoting factor and that the two sex-determining genes, SyGI and FrBy, work independently for female and male fertility, respectively, in kiwifruit. Furthermore, our phylogenetic and evolutionary analyses indicated that the function of this fasciclin-like monophyletic gene is highly conserved across angiosperm species.
Reference genome sequences for kiwifruit have been assembled from female (2A + XX) cultivars 21, 27 , but the Y chromosome of kiwifruit (or Actinidia spp.) has not been sequenced to date. Here, we constructed the whole-genome reference sequence of a male cultivar, Soyu, which is one of the main pollinizers used in Japan. The sequences were assembled using 10X Genomics Supernova v.1.2.2, which is based on a long haploblocking method suitable for assembly of highly heterozygous diploid genomes 28 . Downstream genomic analysis for the Soyu cultivar was conducted on the 'pseudo-haploid' version of the whole-genome assembly. , with coverage of male genomic read (bars) and percentage of male genomic reads (colour chart). The coverage from simplex alleles at single sites (or male-specific region with no X chromosome counterpart) is estimated at 20-23×. Repeated regions, such as transposable elements, were identified as those with high coverage (>50×). Putative PAR were defined as non-repetitive regions with unbiased reads coverage (~25-75% male reads), and are highlighted by orange bars. SyGI (S) and FrBy (F) were located on male-specific regions in the middle of the Y chromosomal contigs. b, Models of the nine contigs (white bars) and the genes predicted in these contigs (green bars). c, Male specificity in the predicted genes in each contig. Genes in male-specific, PAR and repetitive regions are shown in blue, orange and grey, respectively. d,e, Expression patterns of the predicted genes in each contig. Five independent sibling lines showed similar results. d, Expression bias between male and female individuals in anthers (ant.) and carpels (car.). Complete male-specific expression is denoted by dark blue. e, Expression levels (RPKM) in anther and carpel. Across the Y-specific genes shown in blue, only FrBy and SyGI were substantially expressed (RPKM > 1) in differentiating anther and carpel, respectively.
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The drafted genome sequence covered ~710 Mb, which corresponds to 94% of the estimated size of the kiwifruit genome (758 Mb) 27 , with N50 = ~318 kb for scaffolds (Supplementary Table 5 ). The genomic short-read sequences were generated from large DNA molecules partitioned and barcoded using the gel bead in emulsion (GEM) microfluidic method of 10X Genomics 28 . Thus, the information present in the GEM barcodes anchored to the assembled contigs reflects their physical distance, in which proximal contig pairs share the same GEM barcodes. GEM barcodes were extracted from read pairs, and haplotyping information was assigned using a custom script. To construct longer scaffolds within the MSY, we first identified nine scaffolds that, together, spanned 1.43 Mb and contained ~87% of the Y-specific contigs previously assembled 6 (Supplementary Table 6 ). To organize these scaffolds relative to each other, we applied DelMapper 9 , an approach that employs the travelling salesman problem (TSP) previously used in radiation hybrid mapping of mammalian chromosomes 29, 30 or deletion mapping of the Y chromosome in dioecious S. latifolia 9 . In this study, we applied this method to the GEM barcode information, allowing us to successfully organize eight of the nine scaffolds ( Supplementary Fig. 11 ). In this new assembled super-scaffold, the two sex determinants, SyGI and FrBy, are located on adjacent scaffolds at an estimated distance of ~500 kb ( Fig. 3a and Supplementary Fig. 11 ). Mapping of genomic reads from male and female individuals in the KE population, which was used for the identification of FrBy as described, and of SyGI 6 , indicated that a ~800-kb region enriched in male-specific sequences (putative MSY) was located at the centre of this assembled super-scaffold (Fig. 3a) . The putative MSY includes the two sex determinants and highly repetitive sequences, which is consistent with the structure of MSY in other plants or animals 13, 31 . The putative pseudo-autosomal region (PAR) appears to be a single copy and exhibited no substantial gender bias, and mostly flanked the putative MSY. Short PAR-like sequences were also nested within this putative MSY (Fig. 3a) , which might reflect remaining uncertainty about the exact boundaries of the MSY in this study. In this superscaffold, 145 genes were predicted using AUGUSTUS 32 and 30 of these genes were fully male-specific (Fig. 3b,c and Supplementary Table 7) . Of these 30 male-specific genes, only SyGI and FrBy were substantially expressed (RPKM > 1) in carpel and anther, respectively (Fig. 3d,e and Supplementary Table 8 ), based on transcriptome information from the KE population (ref. 6 for carpel). PAR-like genes, located within the putative MSY, were also not substantially expressed in anther and carpel (Fig. 3c) . These data support the hypothesis that they are the two factors determining sexuality in kiwifruit.
We further corroborated the role of these two sex determinants in two ways. Breeding programmes have generated a few hermaphrodite accessions in hexaploid A. deliciosa 33 . We sequenced one of ) or 6A + XXXXXX h (hexaploidy with pentaplex X with simplex X h ), Supplementary Fig. 12 ). Mapping of the KH and control A. deliciosa (male cv. Matua (6A + XXXXXY)) genomic reads to the Y chromosomal scaffolds described above (Fig. 3) demonstrated that the KH line carries the FrBy gene, but not the SyGI gene, through either one or several long deletion(s), including the loss of SyGI, or through gain of FrBy on the X chromosome from recombination with the Y chromosome ( Fig. 4a and Supplementary Fig. 13 ). Consistent with this result, SyGI could not be amplified in the KH line while FrBy could (Fig. 4b) . This suggested that loss of SyGI (the SuF) in the Y, or gain of FrBy in the X, resulted in a natural hermaphrodite line (Fig. 4c) . Next, we set out to develop hermaphrodite kiwifruit artificially, as well as to further validate the FrBy function. We introduced the FrBy open reading frame under the control of its native promoter (pFrBy-FrBy) into a 'rapid-flowering' A. chinensis female cv. Hort16A. In this line, the CENTRORADIALIS (CEN) genes have been truncated by gene editing, resulting in lines that bypass the long juvenile phase (~3-4 yr) and flower precociously 34 . As anticipated, the pFrBy-FrBy lines, which flowered four months after regeneration, were hermaphroditic, exhibiting restored androecium function. These produced fruits including fertile seeds after selfpollination (Fig. 4d-h and Supplementary Table 10 ). Pollen tubes from the pFrBy-FrBy lines grew similarly to those from male accessions, in contrast to the control lines (Fig. 4g-i and Supplementary  Fig. 14) . These results clearly indicated that FrBy acts as the M factor in kiwifruit sex determination. They also provide valuable insight into new breeding approaches for dioecious species.
Taken together, our results are consistent with the following evolutionary path for the transition from hermaphroditism to dioecy in Actinidia, based on two tightly linked genes within a small MSY: loss of function of FrBy established a proto-X chromosome, while lineage-specific gain of function in SyGI 6 derived a dominant suppressor of gynoecium development, establishing a proto-Y chromosome (Fig. 5) . The chronology of these two events remains unknown, because we could not detect any trace of FrBy on the X chromosome. Assessment of the FrBy and SyGI orthologues in the Actinidiaceae family, which includes cryptic dioecious species 35 , might help reveal a clearer evolutionary path to dioecy in this genus. This evolutionary process and the predicted function of the determinants are consistent with the two-mutation model 4, 5 . This proposed evolutionary history of SyGI and FrBy is also consistent with those of the twolocus type sex determinants in Asparagus or Phoenix 13, 36 , although the specific functions of these sex determinants are different. The putative SuF genes, SOFF for Asparagus and LOG1-like for Phoenix, were established by lineage-specific gene duplication/translocation on the Y chromosome; while the putative M genes, MYB35 (TDF1) for Asparagus and CPY703/GPAT3 for Phoenix, were lost from the X chromosomes. Within the order Ericales, kiwifruit (Actinidia) evolved these Y-encoded sex determinants while persimmon (Diospyros) evolved a single sex determinant on the Y chromosome, OGI, which encodes sRNAs repressing an autosomal feminizing gene, MeGI 12, 37 . Despite their different specific functions, SyGI in kiwifruit and OGI in persimmon both act as dominant suppressors and were both derived from lineage-specific duplications, suggesting evolutionary consistency in how the diverse sex-determination systems have evolved in angiosperms.
Methods
Screening of the expressed candidate sex determinants. Developing anthers at stages 1-2, which correspond to the differentiation stage of male or female androecium (see Supplementary Fig. 1 ), were sampled from F1 sibling vines X chr.
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derived from an interspecific cross, A. rufa sel. Fuchu × A. chinensis sel. FCM1, the KE population 6 (see Supplementary Table 11 for details on plant information), planted at Kagawa University, Japan (34° 28' N, 134° 13' E), on 10-22 April in 2016-2017. The repository of sels. FCM1 and Fuchu, and the KE population, are deposited at the Kagawa Prefectural Agricultural Experimental Station (Fuchu 6117-1, Sakaide, Kagawa, 762-0024, Japan). Total RNA was extracted using the Plant RNA Reagent (Invitrogen) and purified by phenol/chloroform extraction. Two micrograms of total RNA was processed in preparation for Illumina Sequencing, according to the method described in a previous report 6 . The constructed libraries were sequenced on Illumina's HiSeq4000 sequencer (50-bp single-end or 150-bp paired-end reads). All Illumina sequencing was conducted at the Vincent J. Coates Genomics Sequencing Laboratory at UC Berkeley, USA, and the raw sequencing reads were processed using custom Python scripts developed in the Comai laboratory and available online (http://comailab.genomecenter. ucdavis.edu/index.php/), as previously described 12 . Male-specific Y chromosomal sequences in kiwifruit and defined MSY contigs were comprehensively identified in a previous study 6 . The mRNA-seq reads from five male and five female individuals from the KE population (Supplementary Table 11) 6 were used to identify the genes substantially expressed in developing anthers. The mRNA-seq reads were aligned to the 61 hypothetical genes located on the 249 MSY contigs 6 using the Burrows-Wheeler Aligner (BWA) 38 , allowing up to ~3% mismatches. The number of reads mapping to each contig was recorded from the alignment file produced by the sequence alignment/map (SAM) tool 39 (http://samtools.sourceforge.net/). For FrBy, which showed male-specific and anther-enriched expression, the expression patterns were further examined using various plant organs and developing anthers (stages 2a, 2b, 3a and 3b; see Supplementary Fig. 1 ).
Expression profiling in kiwifruit anther. The described mRNA-seq reads from the ten individuals selected from the KE population were aligned to the whole coding sequence sets in A. chinensis 21 , using BWA with default parameters. The number of reads mapped to each reference sequence was recorded from the alignment file produced by the SAM tool 39 (http://samtools.sourceforge.net/). The read counts per gene were generated from the aligned SAM files using a custom R script. Differential expression between male and female individuals was analysed in R (v.3.0.1) using the R package DESeq 40 (v.1.14; http://bioconductor. org/packages/release/bioc/html/DESeq.html). We conducted DESeq analysis using five biological replicates from male and female individuals, with the following parameters: method = 'per-condition' and sharingMode = 'maximum' . A false discovery rate threshold of 0.1 was used to identify differentially expressed genes.
In situ RNA hybridization. In situ RNA hybridization was conducted as previously described 6 . Briefly, developing anthers (stages 2-3) were fixed in FAA (1.8% formaldehyde, 5% acetic acid, 50% ethanol), subsequently displaced by 20% sucrose solution before being sliced by a cryostat (Leica CM1520) using cryofilm 41 . The tissues were sliced into 10-μm sections and mounted on FRONTIER coated glass slides (Matsunami Glass Ind.). The rehydrated tissue sections were incubated in a Proteinase K solution (700 U ml -1 Proteinase K) for 30 min at 37 °C, followed by acetylation for 10 min. Full-length FrBy complementary DNA sequences were cloned into the pGEM-T Easy vector (Promega) to synthesize DIG-labelled antisense RNA probes using the DIG-labelling RNA synthesis kit (Roche, Switzerland). The probe solution including RNaseOUT (Thermo Fisher Scientific) was applied to the slides and covered with parafilm. Hybridization was performed at 48 °C for >16 h. For detection, 0.1% Anti-Digoxigenin-AP Fab fragments (SigmaAldrich) were used as the secondary antibody for stain with NBT/BCIP solutions.
Phylogenetic analysis and detection of positive selection. The fasciclin-like fulllength orthologues of FrBy were extracted from the genomes of 31 angiosperms using BLASTp (<1 × 10 -10 ) in Phytozome (JGI release v.12.0, https://phytozome. jgi.doe.gov/pz/portal.html), and in the genome database of Nicotiana from Sol Genomics Network (https://solgenomics.net/). A single orthologue of FrBy in Sphagnum fallax, Sphfalx0225s0008, was used as the outgroup gene. Alignment analyses on amino acid sequences were conducted using MAFFT v.7 with the L-INS-i model, followed by manual revision using SeaView v.4. The evolutionary topology was examined using the maximum likelihood method by MEGAX 42 with the WAG + G model and 1,000 replications for bootstraps. All sites, including missing and gap data, were used for the construction of phylogenic trees, and the nearest-neighbour interchange technique was used. Bootstraps were shown on the branches as 1/10 of the calculated values. The orthologous genes in O. sativa, Zea mays, Amborella trichopoda, Populus trichocarpa, Medicago truncatula, A. thaliana, N. tabacum and Solanum lycopersicum were subjected to in-codon frame alignment using Pal2Na 43 and MAFFT v.7. Based on the aligned nucleotide sequences, pairwise evolutionary rates (dN/dS) were detected using DnaSP 44 . The alignments were also used to estimate evolutionary topology using the maximum likelihood method by Mega, with the GTR (+G) model and 1,000 replications for bootstrap. Based on these alignments and topology, the codon-based detection of branchand site-specific positive selection was performed using PAML 45 . The statistical significance of positive selection on the foreground branches was evaluated using the likelihood ratio test of the null hypothesis that dN/dS = 1. Site-specific positive selection was assessed by empirical Bayes analysis.
10X Genomics (Chromium) library construction and genome assembly with Supernova. Genomic DNA of kiwifruit cv. Soyu (A. chienensis) was extracted with Genomic-tip 100/G (Qiagen), adjusted to a concentration of 1.0 ng µl -1 and 1.25 ng of template genomic DNA was loaded on a Chromium Genome Chip. Whole-genome sequencing libraries were prepared using Chromium Genome Library & Gel Bead Kit v.2 (10X Genomics, No. 120258), Chromium Genome Chip Kit v.2 (10X Genomics, No. 120257), Chromium i7 Multiplex Kit (10X Genomics, No. 120262) and Chromium controller according to the manufacturer's instructions, with only one modification. Briefly, gDNA was combined with Master Mix, a library of Genome Gel Beads and partitioning oil to create GEMs on the Chromium Genome Chip. The GEMs were isothermally amplified with primers containing an Illumina Read 1 sequencing primer, a unique 16-bp 10X barcode and a 6-bp random primer sequence. Next, barcoded DNA fragments were recovered for Illumina library construction. The amount and fragment size of post-GEM DNA were quantified using a Bioanalyzer 2100 with an Agilent High Sensitivity DNA kit (Agilent, No. 5067-4626). Before Illumina library construction, the GEM amplification product was sheared on an E220 Focused Ultrasonicator (Covaris) to approximately 350 bp (55 s at peak power = 175, duty factor = 10 and cycle/burst = 200). Next, the sheared GEMs were converted to a sequencing library following the 10X standard operating procedure and using the following four indexed adaptors: TACTCTTC, CCTGTGCG, GGACACGT and ATGAGAAA. The library was quantified by qPCR with a Kapa Library Quant kit (Kapa Biosystems-Roche) and sequenced on one lane of a HiSeq4000 sequencer (Illumina) with paired-end 150-bp reads. The 10X barcoded reads were de-multiplexed and assembled using the Supernova 2.1.1 pipeline as described previously 28 . A number of assembly versions were generated, on average resulting in assemblies that were 700 Mb in length with an N50 of 290 kb.
Anchoring and characterization of scaffolds surrounding the two sex determinants. The assembled Supernova scaffolds were anchored with the 249 genomic MSY contigs derived from male A. chinensis sel. FCM1 (ref. 6 ), which comprehensively covered Y-specific sequences by kmer cataloguing in segregated populations 6, 12 , using blastn (>99% nucleotide homology in a 100-bp window). To exclude the possibility that X-allelic scaffolds were anchored, we further mapped the genomic Illumina reads from male and female individuals in the KE population 6 to detect male-specific polymorphisms throughout the scaffolds. The 10X Genomics index (GEM) sequences of the nine anchored scaffolds, to which ~87% of the MSY contigs were anchored (Supplementary Table 6 ), were subjected to the DelMapper programme 9 , which utilizes the TSP method. The sequences of the nine anchored scaffolds were assessed by AUGUSTUS 32 to identify putative genes located on the scaffolds. The mRNA-seq reads from the ten individuals selected from the KE F1 population 6 in anthers (stages 1-2), described above, in carpels (stage 1) and in whole flowers (stages 1-2) 6 , were aligned to these predicted genes using BWA with default parameters to calculate expression levels. The male specificity in genomic sequences was assessed by the rate of mapped reads from male and female. Genomic DNA-seq reads from 20 male and 20 female individuals of the KE population 6 were aligned into the nine scaffolds, using BWA and allowing 10% mismatches, to calculate the rate of male/female reads coverage. In this study, non-repetitive regions or genes with <66.6% male reads (coverage rate for male/female <2) and with >95% male reads (coverage rate for male/female >19) were defined as PAR and MSY, respectively.
Breeding of hermaphrodite kiwifruit. The seven plants tested were derived from three types of cross: inconstant male × inconstant male, inconstant males selfed and hermaphrodite × inconstant male. The inconstant male KFM, derived from a cross between the female cv. Hayward and an inconstant male M114 collected from a grower's orchard, was used as a pollen parent and, when selfed, also as an ovule parent. The inconstant male M121, also collected from a grower's orchard, was used as an ovule parent. The hermaphrodite KH, also derived from the cv. Hayward × M114 cross (that is, a full sib of KFM), was used as an ovule parent. The hermaphrodites KH, o01_02 (from M121 × KFM) and s01_03 (from KFM selfed) are considered de novo hermaphrodites from recombinant gametes produced by inconstant males. The male cv. Matua was tested as control. For both selfing and crossing, flowering shoots on ovule parents were enclosed within paper bags before anthesis. Inconstant male and hermaphrodite ovule parents had all bisexual flowers within bags emasculated, and inconstant males also had all staminate flowers removed. Anthers were collected from bisexual flowers of the pollen parent KFM and dried overnight in covered Petri dishes at 25 °C to induce dehiscence. Pollen was collected in labelled vials. At anthesis, bags on flowering shoots of ovule parents were briefly removed and flowers were hand-pollinated using small brushes. Bags were replaced and retained for several weeks after pollination. After fruit harvest, seeds were extracted using a pectinase/cellulase solution to degrade the fruit flesh, then sown in small trays of seed-raising mix. After two weeks' stratification at 5 °C and two weeks of alternating temperatures, trays were placed on a heat-bed. Seedlings were potted up and grown on over the winter in a glasshouse with 16 h/25 °C days maintained by the use of lighting and heating units. Seedlings were hardened off in a shade-house before being planted out in T-bar orchard blocks at the Te Puke Research Centre, Bay of Plenty, New Zealand, at six rows per block, 5 m between rows, 96 seedlings per row and 1 m between Letters Nature PlaNts seedlings within rows. Families were randomly assigned to six-seedling plots along rows. Seedlings were maintained for 7 yr, after which only individuals of interest were retained.
Genomic analysis of hermaphrodite kiwifruit. Genomic DNA was extracted from young kiwifruit leaves using the Qiagen Plant Mini Kit, following the standard protocol. To check the amplification of SyGI and FrBy, PCR was performed with specific primers (Supplementary Table 12 ) using PrimeSTAR GXL DNA Polymerase, following the manufacturer's instructions. TCR followed a three-step reaction (95 °C for , and quality and quantity were assessed using the Agilent BioAnalyzer (Agilent Technologies) and Qubit fluorometer (Invitrogen). Libraries were sequenced using Illumina's HiSeq4000 (100-bp paired-end reads). The genomic library reads were trimmed as described in trimming of mRNA-seq reads, and then aligned to the nine previously described scaffolds covering the two sex determinants and the MSY, with BWA allowing up to 5% mismatches. The transition of the coverages of the mapped reads were visualized with Integrative Genomics Viewer 46 .
Construction of vectors.
For Arabidopsis (A. thaliana), pKI1.1 R vector 47 was digested by AarI. The ds-oligos, which target At1g30800, were ligated with the linearized vector by TaKaRa Mighty mix (TaKaRa). For N. tabacum, pPLV2 was digested by BamHI. Using pKI1.1 R vector 47 as the template, gRNA expression cassettes and Cas9 expression cassettes were amplified by PCR with the primers pPVL02_AtU6_infBamF and pPVL02_Hsp_infBamR (see Supplementary Table 12 ). The linearized pPLV2 and the PCR fragment were conjugated using In-Fusion reaction. The vector harbouring Cas9 and gRNA expression cassettes in the pPLV2 backbone were designated as pPLV2-GE. The pPLV2-GE vector was digested by AarI, and AarI-digested products were ligated with the annealed oligos that target the FAS1 gene. The oligos are described in Supplementary Table 12 . For complementation testing with FrBy in kiwifruit and N. tabacum, a sequence comprising 1,571 nucleotides (nt) of the promoter region and the 723-nt coding region of A. chinensis FrBy, followed by the OCS 3′ terminator, were synthesized by GenScript (http://www.genscript.com) then cloned into ApaI/NotI-digested pDE-KRS-HYG, derived from pDE-KRS 34 . The fragment containing the CaMV 35S promoter, hptII, and the 35S terminator were PCR amplified from pHYGREX5 (ref. 48 ) using the forward 35S_NheIF (5′-TTAAGCTAGCGTATTGGCTAGAGCAG-3′) and reverse 35S_UTR_R_ MauBI_R (5′-TATACGCGCGCGTAATTCGGGGGATCTGGA-3') oligonucleotide primers and cloned into NheI/MauBI-digested pDE-KRS, replacing the nptII expression cassette with the hptII expression cassette. The resulting plasmid was transformed into A. tumefaciens strain EHA105 by electroporation.
Transformation. Arabidopsis. Arabidopsis (A. thaliana) ecotype Columbia-0 (Col-0), lig4 (SALK_044027) and ku70 (SALK_123114) were grown under white light (400-750 nm) under continuous lighting conditions at 22 °C until transformation. The binary construct was introduced into A. tumefaciens strain GV3101 by electroporation. Next, Arabidopsis plants were transformed using the flower-dipping method, according to a previous protocol 12 . Screening of transgenic plants was conducted by red fluorescence of T1 seeds using fluorescence stereomicroscopy. The genotyping was conducted using T1 cauline leaves.
N. tabacum. Tobacco plants (N. tabacum) cv. Petit Havana SR1 were grown in vitro under white light (400-750 nm) with 16/8 h light/dark cycles at 22 °C until transformation. The binary construct was introduced into A. tumefaciens strain EHA101 using the helper vector pSOUP, by electroporation. Young petioles and leaves of tobacco plants were transformed by the leaf disc method. Transgenic plants were selected on Murashige and Skoog medium supplemented with 100 μg ml -1 kanamycin.
Kiwifruit. Plant material from a female kiwifruit cultivar cv. Hort16A (A. chinensis Planch. var. chinensis) was previously edited 34 . This rapid-flowering material was used for further transformation and expression studies. The media were previously described 49 . Agrobacterium tumefaciens-mediated transformation of A. chinensis was performed as previously described 49 , with the exception that hygromycin (15 mg l -1 ) was used for selection rather than kanamycin. Briefly, leaf strips excised from shoots grown in vitro were cocultivated with Agrobacterium suspension culture and transferred to regeneration and selection medium. Individual calli were excised from the leaf strips for further selection and bud induction, and adventitious buds regenerated from the calli were excised and transferred to shoot elongation medium. When shoots had grown to a height of 1-2 cm, they were transplanted onto rooting medium. Rooted transgenic plants were then potted and grown in a containment greenhouse under ambient conditions (minimum/ maximum temperature 18/30 °C night/day, 14/10 h light/dark in summer).
Floral phenotyping in transformed plants. Developing anthers were fixed in FAA, subsequently displaced by 10-30% sucrose solution series before being sliced by a cryostat (Leica CM1520) using cryofilm 41 . The tissues were sliced into 5-μm sections and then stained by toluidine blue or Fast Green. Pollen from flesh anthers was then placed on agar slides (1% agar containing 20% sucrose and 0.01% boric acid) at 25 °C for 12 h, maintaining moisture with damp filter paper. For Arabidopsis and N. tabacum, the pollen germination ratio was counted as average percentages in batches of 200 pollen grains from the first five flowers. For kiwifruit crossing using pFrBy-FrBy-induced lines, flowers were pollinated at full bloom using a sterile paintbrush. Fruit was harvested 100-120 DPA.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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Sample size
For the segregated lines of kiwifruit (KE population), differentially expression analysis between two sexualities, male and female, using transcriptomic data, were performed with >4 individuals for each male and female, according to the standard protocols used in previous reports (DESeq analysis). For transformation, At least 5 individuals were generated for each construct or gene-editing designs.
Data exclusions For transformation, the individuals not showing significant expression of the objective genes or phenotypes were excluded in the main text, but all information was given in the supplementary tables. Exclusion criteria was not pre-examined
Replication
For the segregated lines of kiwifruit (KE population), we defined each individual as a biological replicate. For PCR and in situ hybridization analysis, we yielded at three two similar results. For transformation, each independent T1 line was defined as a biological replicate. We have confirmed that the reported phenotypes were observed in independent transgenic lines, and/or in independent plant species, such as in Arabidopsis and Nicotiana.
We checked that at least three independent individuals in independent transgenic lines showed similar objective phenotypes. All of the replication information were described in the main text or in the figure legends.
